Several new accessions of the genus Primula and of the closely related Cortusa matthioli have been studied for their exudate flavonoid profiles. Unsubstituted flavone, 5-hydroxy-, 2´-hydroxyflavone and 5,2´-dihydroxyflavone were found as main components. Several other rather unusual substitution patterns were also found. 8-O-Substituted flavones appear to be accumulated more often than 6-O-substituted products. Chalcones with corresponding substitution patterns were of scattered occurrence, while flavanones could so far not be detected in exudates of Primula species. The distribution of externally accumulated flavonoids, including literature data, is related to current taxonomic views on the infrageneric grouping of Primula and related taxa. Organ-specific accumulation, biosynthetic and chemosystematic aspects are briefly addressed.
The genus Primula comprises more than 400 species, subdivided into 6 subgenera and 37 sections. More than half of the species occur in the Eastern Sino-Himalaya, which appears to be the primary center of diversification. Several species grow in alpine regions of Europe and North America, and quite a number of species and hybrids are well known ornamentals [1] . A series of papers deals with the molecular systematics of the genus and/or some of its subgeneric groups [2a-2e] . Apart from heterostyly, for which many Primula species are well known, another phenomenon catches the eye: the production of farinose glandular secretions, which give the aerial parts a mealy touch. Again, this is not typical of all species: Farinose exudates may be restricted to specific organs, such as calyces, stems, entire inflorescences, and/or leaves. Some taxa or some parts of farinose plants produce less conspicuous oily secretions from glandular structures. The production of farina is not correlated to taxonomic groups, and both farinose and non-farinose species are found in related assemblages [2d] . For a comparative study of the morphology of the glands and the flavonoid chemistry of both oil and farina producing species see [3a] . In continuation of previous research [3b,3c] we wish to report on 17 newly studied species, and on the closely related Cortusa matthioli L. The results are compared with published data.
Twenty-seven flavones and 3 chalcones have so far been detected as exudate constituents from aerial parts of 36 Primula species. The major exudate constitutent is unsubstituted flavone, as has been known for almost 100 years. In contrast to early assumptions, it is accompanied by a series of further flavones [3d] . Typical substitution patterns include inter alia 2´-, 5-, 5,2´-, 5,8-and 5,8 ,2´-hydroxylations and partly also methoxylation. Early studies revealed the presence of 3´,4´-diOH flavone and a possible 5´-OH derivative thereof in several Primula spp. and related genera [4a,4b] . It was then assumed that 3´,4´-diOH flavone occurs as 4´-glycoside in leaf tissues, and the chemosystematic value was discussed [4b]. 8-O-Substitution is found more frequently than 6-O-substitution. In some rare cases, methylenedioxy structures or benzoate occur as substituents. The occurrence of chalcones is very limited, and their substitution patterns correspond to those of the co-occuring flavones, indicating biogenetic relationships. Earlier, 3,3´-diOH chalcone was reported from P. macrophylla D. Don. [4c] . However, the published NMR-data are indicative rather of 2,2´-diOH substitution, and, therefore, 3,3´-hydroxylation can be excluded (F.J.Stevens, pers. comm.). Interestingly, no flavanones have so far been detected in the exudate of Primula species.
Our current phytochemical results and available published data are combined in Table 1 . Some of the Primula species studied earlier in EW's lab were now subjected to a more detailed analysis, leading to the detection of several additional compounds. All newly detected flavones, as well as those of newly studied species, are marked in bold letters; taxa of which inflorescences only were analyzed, are marked with an asterisk in Table 1 . Two flavones, 5-OH-6,2´-diOMe flavone (trace constituent only in exudates of P. denticulata Smith [5a] ) and 8,2´-diOH-5´-Obenzoate (trace constituent from exudates of P. palinuri Petagn. [3c]) were not included in Table  1 . So far, the examples studied for organ specific accumulation (leaves/stems/inflorescences) yielded no consistent differences and need to be investigated more deeply, also with respect to glandular hair types. Species arrangement follows phylogenetically based suggestions in large parts [2c,2d] . In cases where no sequence studies were available, sectional alignment follows [1] . Generally, the subgeneric classification is still controversial, with 6 clades being recognized partly across sectional boundaries. This is especially true for species of the subgenus Aleuritia, which come in two clades, separated by species from subgenus Primula. The groups which are based upon these recent data [1,2c,2d] are colorcoded in Table 1 . Cortusa matthioli has been included in the present study because of its close affinity with Primula, forming a well supported clade, together with species of Primula subgen. Auganthus [2d]. The exudate flavonoid profiles observed in the subgeneric units will be discussed separately. For basic flavonoid and chalcone structures, see Figure 1 .
Subgen. Sphondylia (Duby) Rupr.: This subgenus comprises eight species only [1] and appears to be very close to the genus Dionysia [2c] . The present study revealed a relatively simple profile, consisting mainly of flavone, 2´-OH-flavone and its methyl ether, along with 5-OH-flavone (primuletin). P. verticillata Forsskal exhibited a more complex profile. 3´-O-Substituted flavones proved to be rather rare in this group. The cultivar P. kewensis W.Wats., a cross between P. floribunda Wall. and P. verticillata, was studied earlier [3d,5b], and corresponds well in its accumulation tendencies.
Subgen. Aleuritia (Duby) Wendelbo: This subgenus is quite large and divided into several sections, being dispersed along the phylogenetic cladogram in 3 different clusters, which is interpreted as an indicator of being polyphyletic. This assumption is further supported on morphological grounds [2c]. The exudate profile of sect. Sikkimensis is quite similar to that of the preceding group, except for 5,8,2´trihydroxy flavone, which was detected in all of the 4 species from this section. The newly analyzed exudate profile of P. ioessa Smith, corresponds largely to the known profiles of its sectional mates [3d,5b] . Species from different sections within subgen. Aleuritia hardly differ in terms of major substitution tendencies, except for P. capitata Hook., which exhibits a chemically more diverse profile. Some compounds are new for the species studied earlier [3d,5a,5b]. P. capitata is also exceptional as it is the only species from this subgenus accumulating a 6-O-substituted flavone (5-OH-6-OMe-flavone). Also, the rare compounds 5-OH -8,2´-diOMe flavone and 2´-OH flavone-5-O-acetate were detected now, for the first time, in the exudate of this species.
Species from sect. Oreophlomis were studied here for the first time. Their exudate profile proved to be quite simple, consisting of flavone, 2´-OH-flavone, 5-OHflavone and 5,2'-diOH-flavone. Representatives of the following section Aleuritia do not appear to be fundamentally different from the other members of subgen. Aleuritia. Phylogenetic studies indicate this section to be monophyletic, being one of the most widespread alpine groups within Primula in the Eurasiatic Mountains [2b]. Primula mistassinica Michaux showed the additional presence of 2´-OH flavone-5-O-acetate. Primula chionantha Balf.f. & Forrest is the only species studied so far from the larger section Crystallophlomis. Its two subspecies cannot be distinguished on the basis of the exudate flavonoid profile. Also, the profile does not allow differenttiation from the other members of the subgenus.
Section Prolifera is sometimes assumed to be a sister to sect. Sikkimensis [2d] . Observed exudate profiles differ by being chemically more diverse than those of species from sect. Sikkimensis (Table 1) , with main . This is expressed by a tendency to accumulate a number of 3´,4´-disubstituted and 3´,4´,5´-trisubstituted flavones lacking a 5-OH group in exudates of both species. P. veris differs by accumulating flavone and 2´-OHflavone as major components [6a] . 5-OH flavone and 5,2´-diOH-flavone have not been detected so far in either species. In case this tendency is stable within this subgenus, it might merit systematic significance. It should be mentioned that these taxa bear only oilsecreting glands and hence do not produce farinose excretions like the other species studied here. At present, it cannot be ascertained that the different exudate chemistry is correlated to production of oily secretions in this case.
Subgen. Auriculastrum
Schott.: Botanical characters have frequently led to the opinion that subgen. Auriculastrum was another basal group in the genus Primula, but this assumption could not be confirmed by molecular studies [2d] . In comparison to other studied groups, the exudate composition of the few species analyzed here appears to be chemically less diverse, except for P. palinuri, of which the inflorescences exhibit a diversified profile [5b-5d]. Besides chalcones, also complex structures (8,2´-diOH-5´-O-benzoate) have been identified from this species recently [3c]. The exudate profile differs largely from that of aerial parts of the closely related P. auriculata Lam.
Subgen. Auganthus (Link) Wendelbo: The species listed here belong to different sections of this subgenus. Major compounds are represented by flavone and 5-OH-flavone in all species studied; 5,2´-diOH flavone is shared by P. forrestii Balf.f. and P. malacoides Franchet, of which inflorescences were analyzed. The phylogenetic study of [2d] fully supported the inclusion of Cortusa in the genus Primula, subgen. Auganthus, and there appear to be further connections between this subgenus and species of subgen. Aleuritia. On the basis of exudate flavonoid composition, Cortusa matthioli appears to be quite close to Primula, but exhibits a less diversified profile. Both accessions differ, however, in their flavonoid complement, thus indicating variation at the subspecies level.
Discussion
The present results raise a series of questions regarding aspects of chemodiversity. First, the substitution patterns of exudate flavonoids have so far not been observed in exudates of other taxonomic groups [6b]. They thus appear to be unique for Primula and its closest allies, despite the fact that only very few species of the large genus Primula have been studied so far. Biosynthesis of unsubstituted flavone and related compounds has not yet been elucidated, and an aberrant pathway was suggested [3c]. It may be assumed that a retrochalcone route could be involved which would be suggested by the substitution pattern of ring B (K. Stich, pers. comm.). Substitution patterns of flavones such as in positions 2´ and 6´ on ring B are of rare occurrence and may be related to the speculated aberrant biosynthetic route. Furthermore, chalcones show similar substitution patterns as the co-occurring flavones. Proof that flavonoid biosynthesis takes place in glandular cells comes from an earlier study by immunofluorescence methods [6c], detecting the presence of chalcone synthase. It should also be noted that corresponding flavanones have so far not been found in exudates of Primula species.
Second, organ specificity in terms of both biosynthetic and storage capacity should be considered. Interestingly, the aglycones present in exudates are rarely accumulated as tissue glycosides. Exceptions known are P. auricula L., which accumulates 7,2´-diOHflavone as 7-O-glucoside in leaf tissue [6d], and earlier reports on the accumulation of presumed 4´-O-glycosides of 3´,4´-diOH flavone [4b]. Mostly, the "normal" flavones with regular 5,7-substitution are found in glycosylated form [6d] . Studying the biosynthesis in Primula glands proves to be quite problematic, since glands are difficult to be isolated physically from leaf surfaces. Since some flavones are auto-fluorescent, they can be detected in intact glands by fluorescence microscopy, as is shown by preliminary studies of P. vialii Delavay ex Franch (Figure 2 ). For morphology of the glands, see also [3a,6c,6d] .
Third, correlation between morphology of gland types, production of farina, and exudate flavonoid composition is not clearly seen on the basis of the present results. Primula palinuri affords an example of different types of excretion: short glandular hairs on the leaves produce "oily" secretions, while a white meal is found on calyces and stems [1] . The exudate flavonoid profile obtained from the floral region is quite diverse, as stated earlier, containing also chalcones. The latter are not found in exudates from inflorescences of P. malacoides, a taxon with mealy stems and flowers, or of P. bulleyana Forrest subsp. beesiana (Forrest) A.J.Richards, with stems being heavily mealy (Table 1 ; for botanical characters see [1] ). Earlier, the occurrence of 2,2´-diOH chalcone was reported for vegetative parts in several Primula spp., but the same compound was not detected in the floral region [5b] . A more detailed analysis to test correlations between chemical and morphological differentiations (glandular structures) will be carried out. Ecological aspects relating to exudate formation merit attention. Many Primula spp. occur at higher altitudes, ranging up to 4000 m or higher in Asia. However, they do not grow in dry places, but prefer a certain degree of humidity of soil [1] . Thus, accumulation of anti-oxidative and radical scavenging flavonoids is most certainly related to increasing UV-radiation at higher altitudes. A study in this respect was recently published [6e].
Finally, the question is raised if substitution profiles may be used as chemical characters for this genus. It is not easy to group the flavonoids according to substitution patterns, particularly as the sequence of progressive oxidation is not clear. It is, for example, difficult to judge if enzymes responsible for B-ring substitutions may use flavone, 5-OH-flavone and 5-OH-8-OMe flavone as substrates. The series of substitution patterns is remarkable: 5,8-substitution, 5,6-substitution on ring A; 3´,4´,5´-substitutions or 2´,5´-substitutions on ring B of flavone (no OHgroups on ring A); or 2´,3´,6´-substitutions of 5-OH flavone (see also Table 1) . Taking these variations of substitution patterns, one can only see clearly that subgen. Primula differs from the remaining Primula species, and that only species of Aleuritia sect. Sikkimensis accumulate 5,8,2´-substituted flavone in their exudates. Several species groups appear to be chemically simple in terms of substitution tendencies, such as subgen. Sphondylia. By contrast, the studied species of sect. Proliferae, which are part of the polyphyletic subgen. Aleuritia, exhibit a more diverse profile. Exudate profiles of species from the monophyletic sect. Aleuritia of the same subgenus do not differ fundamentally from that of polyphyletic groups, which indicates that the phylogenetic status is not correlated with flavonoid chemistry. Grouping the studied Primula species by their exudate flavonoid profiles would lead to a different arrangement in Table 1 , both within closely and more distantly related species groups. This observation is paralleled by partly uncorrelated distribution of botanical characters (chromosome numbers, pollen structures, heterostyly and others) in several cases along the DNA-based phylogenetic tree. Genera that are nested within Primula clades would be assumed to exhibit similar accumulation tendencies of exudate flavonoids. This is only partly true: Cortusa (nested in subgen. Auganthus) shows a more simple profile than most Primula species. Several Dionysia species (grouped with subgen. Sphondylia) [2d] also accumulate flavanones with the common substitution pattern, partly in addition to or even instead of the typical Primula structures (Wollenweber et al., in prep.) . In view of the partly unresolved phylogenies of Primula and related genera, the assessment of the chemosystematic significance of exudate flavonoid profiles is unsatisfactory at present. Further detailed studies are needed to reveal if specific flavonoid structures and maybe also the degree of complexity of profiles can be useful chemical characters. Systematic relationships should become clearer once the biosynthesis of Primula flavonoids has been elucidated and more plant material is available for comparative studies.
Experimental
Plant material was received from the Botanical Garden München-Nymphenburg; voucher specimens are deposited in the Herbarium of the Botanische Staatssammlung München (MU). The newly studied species include: Primula verticillata, P. boveana, P. gaubeana, P. ioessa, P. nutans, P. auriculata, P. luteola, P. mistassinica, P. yuparensis, P. chionantha subsp. melanops, P. chionantha subsp. sino-purpurea, P. cockburniana, P. albenensis, P. rusbyi, P. forrestii, P. malacoides, P. polyneura, Cortusa matthioli and C. matthioli var. turkestanica. Aerial parts of the collected plant species were briefly rinsed with acetone in order to dissolve the lipophilic exudate material. The mixture obtained after evaporation was then analysed, as described previously [3b] . Comparative TLC with markers was carried out on polyamide with the solvents: A) Light petroleum 100-140 /toluene/MeCOEt/MeOH 12:6:1:1; B) toluene/light petroleum 100-140 /MeCOEt/MeOH 12:6:2:1; C) toluene/MeCOEt/MeOH 12:5:3; and D) toluene/dioxane/MeOH 8:1:1; and on silica with solvents E) toluene/MeCOEt 9:1; and F) toluene/dioxane/HOAc 18:5:1. Chromatograms were viewed under an UV lamp (366nm) before and after spraying with "Naturstoffreagenz A" (0.2% of diphenyl-boric acid 2-aminoethyl ester in MeOH). Authentic markers for the identification of the flavonoids were available in E.W.'s laboratory. Whenever necessary, UV-spectra and mass spectra were recorded for supplementary structural confirmation. Sections for light microscopy were cut with the help of a razor blade and viewed without staining with a light microscope (Olympus BX41, Epifluorescense) under UV excitation.
